Introduction
Glassy alloys exhibit antithetical features, glassy structure and metallic bonding. As a result, these features influence on the properties of glassy alloy to be a metallic or a glassy (similar to an oxide glass) one in case by case. The mechanical feature of glassy alloys is one of special interest, because atomic bonding is a ductile metallic bonding but the structure has no periodicity. The mechanical features of crystalline plastic alloys can provide superior plasticity by systematically dislocation moving. There is no operable dislocation in glassy alloys having an aperiodic structure. The deformation mechanism of glassy alloys is characterized by unique adiabatic shear-band operation. The existence of vein patterns on the fractured surface of ductile glassy alloy implies pseudo-melting state 1) in an adiabatic shear band. Therefore, one-slip movement brings about a final fracture with little uniform plastic deformation. The lack of uniform deformability of glassy alloys is simply considered as limiting the toughness. 2) Recently, some glassy alloys have been found to exhibit superior glass-forming ability, 3) which enables producing bulk shape samples by using conventional metallic mold cast method. Bulk-shaped glassy alloys yield new application areas as specified structural materials 4, 5) and also create new problems, 6, 7) such as cast defects in bulk glassy alloys. The most important problem is existence of crystalline inclusions, which act as crack initiation sites and enhance crack propagation during fatigue test. Therefore, the mechanical properties of cast BGAs sometimes depend on the quality of the cast structure which can be controlled by the cast method. 8) In this paper, we used arc-cast furnace with tilt cast mechanism 8) to prepare crystalline inclusions free BGA specimens.
Essentially, BGAs have no resisting factors to disturb or stop the crack propagation because they have a perfectly uniform structure. Furthermore, BGAs do not exhibit any effective uniform plastic deformation that normally enhances tensile elongation. Therefore, the BGAs exhibit rather poor resistibility against fractures.
9,10) Specifically, a drawback in Zr-Cu-Ni-Al BGAs is considered as inadequate fatigue strength that decreases after 10 3 to 10 4 cycles. 11) If the fatigue crack propagation can be stopped in the BGA, it might be a result of partial hardening due to thermal crystallization by the active cyclic shear-band movement around the crack tip. Actually, the crystallization of the BGA has close relation to oxygen absorption. 12) In generally, fatigue crack propagation also depends on the atmosphere, which acts directly as a closure process during fatigue crack propagation by forming an oxide film on the fresh fatiguefractured surface. However, we have already reported 7) that additive Ni effectively enhances power of resistance to oxygen absorption in Zr-Cu-Al BGA. So, we expect that the oxidization of the fatigue-fractured surface and crystallization in front of the fatigue crack tip can be controlled by using additive Ni to Zr-Cu-Al BGA.
This paper will present the Wöhler curves of Zr 50 Cu 40 Al 10 and Zr 50 Cu 30 Ni 10 Al 10 BGAs. We will also attempt to clarify the effect of additive Ni on fatigue features based on Wöhler curves, fatigue-fracture surface observation and hardness testing on the fracture surface.
Experimental Procedure
In this study, we examined ternary Zr 50 Cu 40 Al 10 and quaternary Zr 50 Cu 30 Ni 10 Al 10 BGAs. The master alloy ingots were prepared by arc melting mixtures of pure Zr, Cu, Al, and Ni metals in an argon atmosphere. To maintain the low oxygen concentration of the master alloys, we used a special Zr crystal rod (<0:05 at% oxygen). We prepared the cast rod sample (8 mm Â 60 mm, shown in Fig. 1(a) ) with special arc tilt cast method, 13) which technique is characterized to eliminate crystalline inclusions in BGAs. The rod-shaped cast samples were converted into sandglass-shaped fatigue specimens as shown in Fig. 1(b) using a diamond-gliding machine to avoid surface deterioration; 14) the dimensions of fatigue specimen are noted in Fig. 1(c terized by four-point bending, which can provide a constant bending momentum dimension between two bending points, as depicted in Fig. 2(a) . Frequency of applied cyclic stress in this study is 50 Hz. Figure 2 (b) schematically illustrates the rotating-beam fatigue test machine. The surface temperature of samples was measured during the fatigue test by radiation thermometer with a narrow detection area of about 3 mm in diameter. As the result, we cannot detect distinct increase of temperature during fatigue tests. Temperature change during fatigue test was reported 15) that distinct temperature increase was not observed in thermography images of the same BGAs. Therefore, the temperature of the sample during the fatigue test is considered to be as low as room temperature in this study. In order to examine French's damage curves of Zr 50 Cu 30 Al 10 and Zr 50 Cu 30 Ni 10 Al 10 BGAs, we comply with ASTM 16) technical reports. We examined the cast structure and fatigue-fractured surface by optical microscopy (OM) and scanning electron microscopy (SEM) and measured the hardness on the free surface and fatigue-fractured surface by a micro Vickers testing machine applying a 2.9 N load for 15 s. Compositional analysis of fatigue-fractured surface was measured by SEM-Auger electron spectrometer (AES). To measure the oxygen and other elements concentration from the fatigue-fractured surface to inside of the sample, slant edge shape cut off region was formed by using a focused ion beam (FIB) apparatus. The angle between the FIB cut off surface and fatigue-fractured surface is set to be 30 degree. As the preliminary treatment of FIB process, tungsten sputtered film covering reinforced fatigue-fractured surface morphology to protect the surface region. Fig. 3 , point out the difference in their fatigue limits. Addition 10 at% Ni instead of Cu in Zr 50 Cu 40 -Al 10 BGA increases the fatigue limit from 250 to 500 MPa. However, both Wöhler curves exhibit significant decreasing of fatigue strength around 10 3 to 10 4 cycles. In order to clarify the origin of the fatigue strength decreasing, we performed a fatigue-fractured surface analysis to estimate the fatigue-fracture toughness K q . Murakami et al. 17) proposed a method of calculating K q value from the dimensions of the fatigue-fractured area, as shown in Fig. 4 . K q is thus calculated by the equation below.
Results
Here, 0 is the nominal applied stress of fatigue test; is the ratio of the circumference of a circle to its diameter; b is the depth of the fatigue crack; and F 1 , F 2 and F 3 are coefficients for the stress intensity factor defined by following equations. 
Where is defined by a non-dimensional factor of b= and is the mean value of the fatigue crack propagation length, estimated as ¼ ða 1 þ a 2 þ a 3 Þ=3 in this study. Factors a 1 , a 2 and a 3 are denoted in Fig. 4 18, 19) do not exhibit such a sudden decrease in Wöhler curves (see Fig. 5(a) ).
The fatigue strength decrease around N ¼ 10 3 $10 4 in the Zr-based BGAs is probably caused by an embrittlement phenomenon due to structural transition. For example, applied cyclic stress may cause localized cyclic operation in dense shear bands around the fatigue crack tip. Such an active shear-band movement can enhance the conversion of applied cyclic stress into thermal energy. Therefore, the partial region in front of fatigue crack tip might be extremely embrittled by the thermal effects in cyclic shear bands movement. Actually, the tendency of fatigue fracture toughness decreases is similar to that of the Wöhler curves, as shown in Fig. 5(b) . Furthermore, fatigue properties are usually influenced by atmosphere, which can change the condition of fatigue-fractured surface i.e. oxidization. In general, the fatigue lifetime of ordinary crystalline metallic materials is significantly increased by avoiding oxidization through the use of a vacuum or inert gas atmospheres. 20, 21) The beneficial effect of additive Ni element is considered as the prevention of oxygen absorption 7) in Zr 50 Cu 40 Al 10 BGA. Accordingly, adding Ni limits the fatigue-fractured region to half the size of whole fracture surface. The phenomenon is closely related to the increase of fatigue limit values from 250 to 500 MPa.
The crystallization hardening at fatigue crack tip in Zrbased BGA can stop fatigue crack propagation under the specified condition as like a strain aging in plastic crystalline alloys. The effect of hardening around the crack tip is probably maximized just before the final fracture because of the highest stress intensity factor. The origin of the hardening is probably considered localized crystallization or structural relaxation by the thermal effect of cyclic movement of shear bands in front of the fatigue crack tip. Figure 6 shows 17) fractured surface images and micro Vickers indentation marks on fatigue-fractured ( a ¼ 357 MPa, N f ¼ 1:3 Â 10 5 ) surfaces to confirm the embrittlement on the fatiguefractured surface of Zr 50 Cu 40 Al 10 BGA. The applied stress a ¼ 357 MPa is slightly above (about 100 MPa) the value of fatigue limit (250 MPa). The fatigue-fractured surface occupies almost 80% of the whole fractured surface as shown in Fig. 6(a) . We also measured the micro Vickers hardness along three directions from the fatigue crack initiation site to the interface between the fatigue and final fractured areas, as shown in Figs. 6(b)-(j) . The values of micro Vickers hardness increased gradually from 450$500 HV to 550$ 600 HV along fatigue crack propagation, as shown in Fig.  6(k) . Therefore, the cyclic shear bands movement around the fatigue crack tip was probably caused embrittlement due to crystallization because the maximum hardness on the fracture surface is about 100 HV less than that of complete crystallized region ($700 HV). Figure 7 shows fractured surface images and micro Vickers indentation marks on the fatigue-fractured ( a ¼ 570 MPa, N f ¼ 5:6 Â 10 4 ) surface of Zr 50 Cu 30 Ni 10 Al 10 BGA. The applied stress increased slightly (about 70 MPa) above the value of fatigue limit (500 MPa). The fatigue-fractured surface occupied almost 40% of the whole fractured surface, as shown in Fig. 7(a) . Micro Vickers hardness was measured along two arbitrary directions from the surface of fatigue crack initiation to the interface between the fatigue and final fractured areas, as shown in Figs. 7(b) -(g). The micro Vickers hardness increases from 400$450 HV to 600$700 HV along the fatigue crack propagation direction, as shown in Fig. 7(h) . The tendency of hardness increase on fatigue surface as shown in Figs. 6(k) and 7(h) has close relationship with crack propagation length. The value of hardness in front of the operable fatigue crack tip was maximized just before the final fracture having the highest stress intensity factor. 
Discussion
During the fatigue test of Zr 50 Cu 40 Al 10 and Zr 50 Cu 30 -Ni 10 Al 10 BGAs, embrittlement due to structural transition i.e. crystallization was probably occurred. Figure 8 shows cycle dependence of fatigue-fracture toughness and HV max , which value was decided as maximum value of Vickers hardness on fatigue-fractured surface as shown in Figs. 6 and 7. Both relationship against cycle number shows good correlation. It is observed that the lower fatigue-fracture toughness, the higher HV max is observed in the cycle range from 10 3 to 10 4 . However, the increasing ranges of HV max Fig. 10 . To clarify the origin of the difference in fatigue crack propagation rates, the formation of surface oxidization film on fatigue-fractured surface was examined. Figures 11(a) and (b) show schematic illustrations of the sample shape prepared by FIB. Figure  11 (c) shows SEM images of actual sample image with cut off region on fatigue-fractured region. Figure 12 Fig. 12(b) , no distinct surface oxidized-region was observed and the same results were also observed in other areas of fatigue-fractured surface. Figure 12( Fig. 12(d) , distinct surface oxidized-region was observed and the same results were also observed in other region of fatigue-fractured surface. As the results, addition Ni enhances the surface oxidization film formation. Especially, the sort of surface oxidized-region is not a simple ZrO 2 , which was easily considered as formation surface oxide film of Zrbased bulk metallic glass. In case of high temperature as about 600 K, simple ZrO 2 oxide film is formed on both Zr 50 Cu 40 Al 10 and Zr 50 Cu 30 Ni 10 Al 10 BGAs. The composite oxidized region, which is composed of O, Al, Ni, Cu and Zr, is formed on the fatigue-fractured surface of Zr 50 Cu 30 -Ni 10 Al 10 BGA in air at room temperature. As the result, formation of oxidization film on fatigue-fractured surface is strongly affected on the fatigue crack propagation rate. Atmosphere effect on the Wöhler curve of Zr 52:5 Al 10 -Ti 5 Cu 17:9 Ni 14:6 BGAs is reported.
23) The Wöhler curve in vacuum atmosphere shifted to shorter cycle region than that in air atmosphere. However, it is opposite phenomenon against steels and other crystalline nonferrous alloys. Formation of oxidization film on fatigue fracture surface probably enhances the fatigue crack propagation stoppage. Therefore, by controlling the formation of oxidization film on fatigue-fractured surface is one of the important methods to enhance fatigue properties of Zr-based BGAs.
Summary
We 
